Uniformly-sized molecularly imprinted polymers (MIPs) for (S)-nilvadipine have been prepared by a multi-step swelling and polymerization method using methacrylic acid or 4-vinylpyridine (4-VPY) as a functional monomer, ethylene glycol dimethacrylate (EDMA) as a cross-linker, and toluene, chloroform, cyclohexanol or phenylacetonitrile as a porogen. The chiral recognition abilities of the MIPs for nilvadipine were evaluated using aqueous and non-aqueous mobile phases. Among the MIPs, the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymers prepared using toluene as a porogen showed the highest recognition ability for nilvadipine in both aqueous and non-aqueous mobile phases. In addition to molecular shape recognition, hydrogen-bonding interactions of the NH proton of nilvadipine with a pyridyl group of the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymers could play an important role in the retention and chiral recognition of nilvadipine in aqueous and non-aqueous mobile phases. Furthermore, the MIP for (S)-nilvadipine gave the highest molecular recognition ability when a porogenic solvent during polymerization was used as the mobile phase modifier.
Introduction
Molecularly imprinted polymers (MIPs) have the abilities to recognize target molecules specifically and thus have been used in a variety of molecular recognition-based applications. [1] [2] [3] [4] [5] In molecular imprinting techniques, non-aqueous bulk polymerization techniques [6] [7] [8] are usually employed to obtain MIPs. However, to produce separation media, the block polymers obtained need to be crushed, ground and sieved. The MIPs are also unsuitable for HPLC packing materials because of their random shape and size distribution. To overcome this problem, the MIPs, which give uniformly-sized and monodispersed particles, have been prepared using a multi-step swelling and polymerization method. 9 The MIPs prepared by this method have been applied for chiral separations of drugs, 10, 11 and on-line extractions of drugs 12 and environmental pollutants 13 using aqueous mobile phases. This is because the use of aqueous mobile phases is desirable for the biomedical and environmental applications. Recently, we prepared the MIP for (S)-nilvadipine, and indicated that the MIP for (S)-nilvadipine had a column efficiency in aqueous mobile phases comparable to those of commercially available chiral stationary phases based on a protein, such as ovomucoid or α1-acid glycoprotein. 11 However, it is thought that specific interactions such as hydrogen-bonding and/or electrostatic interactions could be hampered in aqueous environments. 14 In this study, uniformly-sized (S)-nilvadipine-imprinted polymers were prepared by a multi-step swelling and polymerization method using methacrylic acid (MAA) or 4-vinylpyridine (4-VPY) as a functional monomer, ethylene glycol dimethacrylate (EDMA) as a cross-linker, and toluene, chloroform, cyclohexanol or phenylacetonitrile as a porogen. Previsously, we evaluated the molecular recognition properties of the MIPs using aqueous mobile phases. [10] [11] [12] In this study the molecular recognition properties of the MIPs for (S)-nilvadipine are evaluated in non-aqueous mobile phases and were compared with those in aqueous mobile phases. Furthermore, based on the results obtained, the retentive and enantioselective mechanisms of nilvadipine on the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymer are discussed.
Experimental

Materials
EDMA was purchased from Tokyo Chemical Industry (Tokyo, Japan). MAA and 4-VPY were purchased from Wako Pure Chemical Industry (Osaka, Japan). The monomers were purified by a general distillation technique in vacuo to remove the polymerization inhibitor. From Wako Pure Chemical Industry (Osaka, Japan), 2,2′-azobis(2,4-dimethylvaleronitrile) (V-65) was purchased; it was used without further purification. Each nilvadipine enantiomer was a gift from Fujisawa Pharmaceutical Co. (Osaka, Japan). A racemic nilvadipine sample was prepared by mixing the two enantiomers equally. Other reagents and solvents of analytical-reagent grade were used without further purification. Water purified with a Nanopure II unit (Barnstead, Boston, MA) was used for the preparation of the mobile phase and the sample solution.
Preparation of uniformly-sized MIPs
Uniformly-sized MIPs for (S)-nilvadipine and non-imprinted polymers (NIPs) were prepared by a multi-step swelling and polymerization method according to the method reported previously. 11 The type and amounts of a template molecule, functional monomer and porogen used in this study are shown in Table 1 . The structures of a template molecule, functional monomer and cross-linker used are illustrated in Fig. 1 .
Into a stainless-steel column (100 mm × 4.6 mm i.d.), about 1.2 g of the prepared MIPs or NIPs were packed by a slurry packing technique using a mixture of methanol and 2-propanol as a slurry solvent and methanol as a packing solvent for evaluation of their chromatographic characteristics.
Evaluation of MIP
The HPLC system used was composed of a Jasco 880-PU pump, a 875-UV/VIS detector (both from Jasco, Tokyo, Japan), a Rheodyne 7125 injector with a 5 µL loop (Rheodyne, Cotati, CA, USA) and a C-R6A integrator (Shimadzu, Kyoto, Japan). The flow rate was maintained at 1.0 ml min -1 . The retention factor (k) was calculated from the equation k = (tR -t0)/t0, where tR and t0 are retention times of retained and unretained solutes, respectively. The retention time of the unretained solute, t0, was measured by injecting methanol. The enantioseparation factor (α) was calculated from the equation α = k2/k1, where k1 and k2 are the retention factors of the first-and second-eluted enantiomers, respectively. Resolution (RS) was calculated from the equation RS = 2(tR2 -tR1)/(w1 + w2), where tR1 and tR2 are the retention times of the first-and second-eluted enantiomers, respectively, and w1 and w2 are the baseline peak widths of the first-and second-eluted enantiomers, respectively. The selectivity factor (S) was calculated from the equation S = kMIP/kNIP, where kMIP and kNIP are the retention factors of a solute on the MIP and NIP columns, respectively. The number of theoretical plates (N) was calculated from the equation N = 16(tR/w) 2 . The column temperature was controlled by a water bath (Thermo Minder Lt-100, Taitec, Saitama, Japan). The mobile phases used are specified in the legends of tables and figures. Figure 2 shows the retention and molecular recognition properties of nilvadipine on MIPs 1 -3, where a mixture of toluene and chloroform is used as a mobile phase. The retention, selectivity and enantioseparation factors of nilvadipine on MIPs 1 -3 became larger with an increase of a toluene content. MIP1 prepared with only EDMA could achieve chiral separation of nilvadipine at a concentration of 60% toluene or more. Previously, we reported that, besides the molecular shape recognition, the retention and chiral recognition of nilvadipine on (S)-nilvadipine-imprinted EDMA polymers in aqueous mobile phases could be caused by hydrophobic interactions. 11 In non-aqueous mobile phases, besides the molecular shape recognition, the retention and chiral recognition of nilvadipine could be caused by the weak hydrophilic interactions between nilvadipine and (S)-nilvadipine-imprinted EDMA polymers. On MIP2 prepared with EDMA and MAA, the enantioseparation factor was almost the same with that on MIP1, while the retention and selectivity factors on MIP2 were slightly higher than those on MIP1. The latter is due to the fact that hydrophilic interactions of nilvadipine with MAA-co-EDMA polymers became stronger, compared with those with MIP1, because of the use of polar MAA as a functional monomer. On MIP3 prepared with EDMA and 4-VPY, the retention, selectivity and enantioseparation factors of nilvadipine were the highest among the three MIPs. We previously reported that the retention and chiral recognition of nilvadipine in aqueous mobile phases could be caused by hydrogen-bonding interactions of the NH proton of nilvadipine with a pyridyl group in the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymers, in addition to molecular shape recognition. 11 Furthermore, we found that hydrogen-bonding interactions between (S)-nilvadipine and 4-VPY were plausible in chloroform by 1 H-NMR and molecular modeling studies. 11 Therefore, it seems that the hydrogenbonding interactions could play an important role in the retention and enantioseparation of nilvadipine in non-aqueous mobile phases.
Results and Discussion
Retention and molecular recognition of nilvadipine in nonaqueous mobile phases
Effect of porogen
Next, we examined the effect of a porogen on the retention, selectivity and enantioseparation factors of nilvadipine. Figures  3 and 4 show the effect of mobile phase pH and acetonitrile content on the retention, selectivity and enantioseparation factors of nilvadipine on MIPs 4 -7. It has been reported that a porogenic solvent can affect the structure and morphology of a MIP, and the retention of an analyte on the MIP. 15 As expected, there are large differences in the retention, selectivity and enantioseparation factors of nilvadipine among MIPs 4 -7. Figure 5 shows the effect of a toluene concentration used as a mobile phase on the retention, selectivity and enantioseparation factors of nilvadipine on MIPs 4 -7, which are prepared using toluene, chloroform, cyclohexanol and phenylacetonitrile, respectively, as the porogens.
The retention factor of nilvadipine on all MIPs became larger with an increase of the toluene content. It should be noted that the selectivity and enantioseparation factors on MIP4 prepared using toluene as a porogen markedly increased with an increase of a toluene content, while those on the other MIPs remained unchanged or slightly increased. Table 2 Retention and selectivity factors of (S)-nilvadipine were plotted. Key: a, MIP4; S, MIP5; A, MIP6; V, MIP7. HPLC conditions as in Fig. 2 except that the mobile phase used is a mixture of acetonitrile and water. Loaded amount: 0.5 µg.
chloroform content in the mobile phase was high, MIP5 prepared using chloroform as a porogen gave the highest retention, selectivity and enantioseparation factors among MIPs 4 -7. These results indicate that the MIP for (S)-nilvadipine gives the highest molecular recognition ability, when a porogenic solvent during polymerization is used as the mobile phase modifier. 16 
Chiral separation of nilvadipine in aqueous and non-aqueous mobile phases
MIP4 had the most excellent selectivity and enantioseparation factors in both aqueous and non-aqueous mobile phases among all MIPs prepared. Figures 6a and b show chiral separations of nilvadipine on MIP4 using acetonitrile-water and toluenechloroform, respectively, as a mobile phase. Table 3 shows the retention and enantioseparation factors, resolution, the number of theoretical plates and selectivity factor of nilvadipine. The baseline separation of nilvadipine enantiomers on MIP4 could be attained in both aqueous and non-aqueous mobile phases with almost the same analysis time. The selectivity and enantioseparation factors of nilvadipine in toluene-chloroform were higher than those in acetonitrile-water, while the number of theoretical plates in the former was lower than that in the latter. As a result, chiral resolution of nilvadipine was better in acetonitrile-water than in toluene-chloroform. It is found that the MIP prepared by a multi-step swelling and polymerization method could work well in both aqueous and non-aqueous mobile phases.
Conclusions
We prepared various MIPs for (S)-nilvadipine by a multi-step swelling and polymerization method. Among the MIPs, the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymers prepared using toluene as a porogen showed the highest molecular recognition ability for nilvadipine in both aqueous and nonaqueous mobile phases. It is interesting that hydrogen-bonding interactions of the NH proton of nilvadipine with a pyridyl group of the (S)-nilvadipine-imprinted 4-VPY-co-EDMA polymers can play an important role in the retention and chiral recognition of nilvadipine both in aqueous and non-aqueous mobile phases, in addition to molecular shape recognition. The MIP showed higher selectivity and enantioseparation factors for nilvadipine in non-aqueous mobile phases, while a higher column efficiency was attained in aqueous ones. As a result, chiral resolution of nilvadipine is better in aqueous mobile phases than in non-aqueous ones. Furthermore, the MIP for (S)-nilvadipine gave the highest molecular recognition ability, when a porogenic solvent during polymerization was used as the mobile phase modifier.
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